Lymphatic invasion and nodal metastasis are predictors of shorter disease-free and overall survival in carcinoma of the uterine cervix. The monoclonal antibody D2-40, which reacts with the oncofetal membrane antigen M2A, is a new selective marker for lymphatic endothelium, and has been shown to be useful in identifying the presence of lymphatic invasion in various malignant neoplasms, including cervical carcinoma. However, the reactivity of the tumor cells with D2-40 has not yet been evaluated. In this study, we examined the pattern of D2-40 immunoreactivity in a series of 138 invasive squamous cell carcinomas of the uterine cervix. We correlated the presence and extent of D2-40 immunoreactivity in the tumor cells with various clinicopathologic features, the presence of lymphatic invasion, lymph node metastasis and outcome. Diffuse or focal D2-40 immunoreactivity was present in 17 (12%) and 81 (59%) tumors, respectively, while 40 (29%) tumors showed no immunoreactivity. Lymphatic invasion and nodal metastasis were present in 56 and 29% of tumors, respectively. Tumor emboli within lymphatic spaces and metastatic tumor foci in lymph nodes showed no immunoreactivity in 86 and 80% of the cases, respectively. Lymphatic invasion and nodal metastasis were significantly more common in tumors showing low D2-40 immunoreactivity (Po0.0001 and 0.022, respectively). D2-40 immunoreactivity showed no correlation with any other clinicopathologic features examined, including tumor size, grade and FIGO stage. In univariate analysis low D2-40 immunoreactivity was significantly associated with shorter recurrence-free, but not with overall survival. Our studies suggest that D2-40 immunostaining may serve as a marker for increased risk of lymphatic invasion and tumor recurrence in cervical biopsy material. Further study of the biological function of the M2A antigen may shed some light on the interaction of tumor cells with lymphatics.
The role of angiogenesis in the development and progression of solid tumors, including cervical carcinoma, has been established. [1] [2] [3] [4] Besides being important for tumor progression, angiogenesis plays a crucial role in the dissemination of tumor cells via the blood stream. 5 However, in cervical cancers the earliest feature of disseminated disease is regional lymph node involvement. In addition to International Federation of Obstetrics and Gynecology (FIGO) stage and tumor volume, lymphatic invasion and nodal metastasis have been found to be predictors of shorter disease-free and overall survival in carcinoma of the uterine cervix. [6] [7] [8] [9] Despite its major role in tumor dissemination, little is known about the role of tumor lymphangiogenesis in metastasis and whether lymphatic spread occurs via pre-existing lymphatic vessels or lymphatic vessels newly formed by lymphangiogenesis. 10, 11 Much of the difficulty in analyzing lymphatics was due to the lack of lymphatic-specific markers suitable for immunohistochemistry on formalinfixed paraffin-embedded material that could be used to discriminate between lymphatics and blood vessels. 12 The recently developed monoclonal antibody D2-40, which reacts with the oncofetal membrane antigen M2A identified in ovarian carcinoma cell lines and germ-cell tumors, 13 was reported to be a selective marker for lymphatic endothelium, and has been shown to be useful in identifying the presence of lymphatic invasion in various malignant neoplasms, 14 including cervical carcinoma. Although highly expressed in seminomatous germcell tumors (12) , the reactivity of the tumor cells themselves with the D2-40 antibody has not yet been evaluated in other neoplasms. In the present study, we examined the expression of the M2A antigen in a series of cervical squamous cell carcinomas by immunohistochemistry using the D2-40 antibody.
Materials and methods
A total of 138 cases of cervical biopsies (n ¼ 22), cone biopsies (n ¼ 2) and radical hysterectomies (n ¼ 114) performed for invasive squamous cell carcinoma (ISCC) were selected from the Surgical Pathology files of the University of Pennsylvania Medical Center. Hematoxylin-and eosin (H&E)-stained slides of all cases were reviewed and the diagnoses confirmed. In addition to the invasive carcinoma, carcinoma in situ and benign cervical squamous epithelium were present in the representative tumor sections selected for the study in 64 and 94 cases, respectively. The clinicopathologic features of the tumors are summarized in Table 1 . Staging was defined according to the FIGO staging system, 15 and this information was available in 127 cases. Tumor grade was determined according to established criteria. 16 All tumors were evaluated for the presence of lymphatic space involvement based on all available H&E-stained sections. Cases with only biopsy material available for review were included in the analysis only if lymphatic space involvement was identified in the biopsy material. Pelvic/para-aortic lymph node dissection was performed in 105 (76%) cases; the median number of lymph nodes per case examined was 22 (range 1-82). Lymph node metastasis was present in 30 (29%) cases; the median number of positive lymph nodes was 2 (range 1-7). Primary treatment was surgical in 116 cases, while primary radiation or combined radiation and chemotherapy was administered in 14 and eight cases, respectively. Following primary surgery, 48 patients received adjuvant treatment, consisting of radiation in 40, and combination radiation and chemotherapy in eight cases, respectively. Follow-up of patients was performed on the basis of information reported in the clinical histories. We considered as uncensored only records of patients who died of disease; we considered as censored records of all patients who were alive at follow-up or patients who died of a cause not related to the disease. Study protocols were approved by the University of Pennsylvania Institutional Review Board.
Immunohistochemical assays were performed on formalin-fixed paraffin-embedded sections. Sections (5 mm thick) were cut and deparaffinized in xylene and rehydrated in graded alcohols. Slides were boiled in 1 Â EDTA buffer (LabVision, Fremont, CA, USA) for 20 min. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide in methanol for 20 min. Slides were incubated with the D2-40 monoclonal antibody (1:25 dilution, Signet Laboratories, Dedham, MA, USA) for 1 h at room temperature. Immunohistochemical staining was performed on a DAKOCytomation Autostainer using the EnVision þ HRP DAB system (DAKOCytomation, Carpinteria, CA, USA), according to the manufacturer's recommendations.
D2-40 immunoreactivity in the tumor cells was evaluated semiquantitatively on a four-tiered scale. Cytoplasmic immunoreactivity was considered positive. The percentage of weakly, moderately and strongly staining cells was determined, and a staining score was calculated as follows: score (out of maximum of 300) ¼ sum of 1 Â percentage of 17 For the purposes of statistical analysis, tumors were considered to show low or high D2-40 immunoreactivity if the immunostaining score was less or more than the mean score plus 2 standard deviations for benign cervical squamous epithelia (score 25), respectively.
The Wilcoxon signed-rank test was used for the comparison of median D2-40 immunohistochemical staining levels in invasive and in situ carcinomas and adjacent benign squamous epithelia. Median D2-40 immunohistochemical staining levels were compared using the Kruskal-Wallis one-way analysis of variance by ranks followed by Dunn's multiple comparison test, when appropriate. High vs low immunostaining in carcinomas was compared using the w 2 -test. Survival curves were plotted using the method of Kaplan and Meier and compared using the log-rank test. A Cox proportional hazards model was used to assess the effect of tumor variables on survival. The end points were the overall survival from the day of surgery. Statistical significance was determined if the two-sided P-value of a test was less than 0.05. Computations were performed using the Graphpad Prizm (Version 4, GraphPad Software, San Diego, CA, USA) and SYSTAT (Version 10.2, SYSTAT Software Inc., Richmond, CA, USA) softwares.
Results
The results of D2-40 immunohistochemical assays are illustrated and summarized in Figure 1 . In benign cervical squamous epithelia moderate-tostrong D2-40 immunoreactivity was observed exclusively in the basal cell layer in 93 (99%) of 94 cases ( Figure 1a) , with a median score of 13.5 (mean7 s.e.m.: 12.070.5). Moderate-to-strong immunoreactivity, usually confined to the lower third of the epithelium was seen in 59 (92%) of 64 squamous cell carcinomas in situ (median score 30.0, mean7s.e.m.: 44.876.0) (Figure 1b) . In contrast, invasive squamous cell carcinomas showed one of three patterns of D2-40 immunoreactivity: no immunostaining (score 0) was seen in 40 (29%) of 138 cases (Figure 1c) . Focal immunoreactivity present in less than 50% of tumor cells was seen in 81 (59%) cases, with a median score of 25 (mean7s.e.m.: 34.773.4). In these cases, D2-40 staining was localized to the periphery of the invading tumor nests and no staining was present in the central, sometimes more differentiated tumor cells, mimicking the pattern seen in benign squamous epithelia (Figure 1d ). Diffuse D2-40 immunoreactivity present in at least 50% of the tumor cells was observed in 17 (12%) cases (Figure 1e) , with a median score of 180 (mean7s.e.m.: 176.8710.1). The level of D2-40 reactivity was significantly higher in carcinomas in situ compared to benign cervical squamous epithelia (Po0.001, Kruskal-Wallis test), and to all invasive carcinomas combined (Po0.01, Kruskal-Wallis test) (Figure 1f) .
In addition to epithelial cells, weak-to-moderate D2-40 reactivity was also seen in the stroma of invasive tumors in 121 (88%) cases (Figures 1b-e) . In contrast, in cervical stroma not associated with tumors, weak D2-40 staining was present in only 4 (3%) cases (Figure 1a) . The difference in immunoreactivity between 'benign stroma' and stroma associated with invasive carcinoma was statistically highly significant (Po0.0001, w 2 -test). As expected, D2-40 strongly stained the endothelial cells of lymphatic channels, but did not react with endothelial cells of blood vessels, as determined histologically (Figure 2 ). D2-40 immunostaining also highlighted the presence of lymphatic invasion, usually present at the periphery of tumors (Figure 2) . Tumor emboli present within lymphatic spaces were negative for D2-40 staining in 59 (86%) of 69 cases (Figures 2b  and c) . Indeed, lymphatic tumor emboli were even negative in 12 of 16 cases where the main tumor mass demonstrated D2-40 immunoreactivity. Metastatic carcinomas within lymph nodes were negative for D2-40 immunoreactivity in 24 (80%) cases, while usually focal weak staining in 5-10% of the tumor cells was seen in the remaining six cases.
For the purposes of statistical analysis, tumors showing D2-40 immunostaining with a score of less than 25 or 25 and higher were considered to have low (79 cases) or high (59 cases) immunoreactivity, respectively. D2-40 immunoreactivity in invasive cervical squamous cell carcinomas showed no statistically significant correlation with patient age, tumor size, depth of invasion, tumor grade or FIGO stage (Tables 2 and 3 ). However, tumors associated with the presence of lymphatic invasion and lymph node metastasis showed significantly lower D2-40 immunoreactivity (Table 2) . Similarly, when carcinomas showing low and high D2-40 reactivity were compared, lymphatic invasion and lymph node metastases were significantly more common in tumors with low D2-40 immunoreactivity (Table 3) .
During the follow-up interval, tumor recurrence was observed in 30 (22%) cases, and 13 (9%) patients died of disease. The median time to death for the uncensored subgroup was 23.7 months (range 1.6-87.1 months), whereas the median follow-up of censored patients was 30.7 months (range 0-180.6 months). The median time to tumor recurrence was 12.7 months (range 0-69.3 months). In univariate analysis, FIGO stage (Po0.0001), presence of lymphovascular invasion (P ¼ 0.017) and presence of nodal metastasis (P ¼ 0.043) were associated with poor overall survival. D2-40 immunoreactivity within the tumors did not show statistically significant association with overall survival (P ¼ 0.137, Figure 3a) . On the other hand, presence of lymphovascular invasion (P ¼ 0.005), low D2-40 immunoreactivity (P ¼ 0.014, Figure 3b ) and tumor stage (P ¼ 0.043) showed significant association with recurrence-free survival. 
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KL Dumoff et al FIGO stage, tumor grade, lymphatic invasion, lymph node status and D2-40 immunoreactivity were included in the initial stepwise logistic regression model. Backward elimination by Cox regression led to a model with two independent terms predictive of overall survival: FIGO stage (Po0.001) and lymph node metastasis (P ¼ 0.048); and one independent term predictive of recurrencefree survival: lymphovascular invasion (P ¼ 0.046).
Discussion
In this study, we characterized the immunohistochemical reactivity of a series of cervical squamous cell carcinomas with the D2-40 monoclonal antibody. The monoclonal antibody D2-40 was recently described to react with a novel oncofetal membrane antigen designated M2A, present on fetal gonocytes, intratubular germ-cell neoplasia and seminoma cells. 18 The M2A antigen has also been shown to be a developmental marker for human Sertoli cells, present on immature Sertoli cells until puberty, and lost during their transition to a mature adult phenotype. 19 Subsequent studies have indicated that D2-40 immunoreactivity may serve as a new selective marker for lymphatic endothelium, and can be useful in identifying the presence of lymphatic invasion in various malignant D2-40 immunoreactivity in cervix carcinoma KL Dumoff et al neoplasms, 14 including cervical carcinoma. However, the reactivity of the tumor cells themselves with D2-40 has not yet been widely evaluated.
Benign cervical squamous epithelia showed moderate-to-strong D2-40 reactivity restricted to the basal cell layer. D2-40 immunoreactivity was significantly increased in carcinomas in situ compared to benign epithelia, while invasive squamous cell carcinomas showed a wide spectrum of immunoreactivity. The majority of tumors (59%) showed focal D2-40 staining, while no reactivity and diffuse staining were seen in 29 and 12%, respectively. In cases with focal immunostaining, reactivity was predominantly localized to the periphery of tumor cell nests, mimicking the basal cell layer localization pattern seen in benign epithelia. In addition, stromal cells associated with invasive (or in situ) tumors showed significantly higher D2-40 immunoreactivity compared to cervical stroma not associated with tumor. As reported previously, 14 the D2-40 antibody specifically and strongly labeled lymphatic endothelial cells, highlighting the presence of lymphatic invasion in the tumors. Endothelial cells of blood vessels were negative for D2-40 immunoreactivity. Tumor emboli within lymphatic spaces, as well as metastatic tumor cells in lymph nodes, showed no D2-40 staining in the vast majority of tumors, even in cases when the main tumor mass was D2-40 positive.
D2-40 immunoreactivity in the tumors did not show any association with various clinicopathologic tumor features including age, tumor size, grade, depth of invasion and FIGO stage. On the other hand, low levels of D2-40 immunoreactivity in the D2-40 immunoreactivity in cervix carcinoma KL Dumoff et al tumor cells were significantly associated with the presence of lymphatic invasion and lymph node metastasis. In univariate analysis, low D2-40 reactivity was also associated with a significantly shorter recurrence-free survival, but not with disease-related overall survival. In multivariate analysis, D2-40 reactivity was not a significant predictor of either recurrence-free or disease-related survival.
Prior studies have shown that the M2A antigen (specifically detected by D2-40) is expressed in several human cancer cell lines, including ovarian epithelial carcinomas and bladder transitional cell carcinomas, but is absent in many other cell lines derived from a variety of human tumors. 13 It is unclear from these studies whether the expression of M2A in some human cancer cell lines is indicative of a lineage-specific marker shared by the cell line and the tumor from which it was derived, or alternatively, the presence of the antigen represents an aberrant expression of the protein by the transformed cell line in vitro. 13 Our results suggest that the expression of this antigen may be a specific property of some human cancers rather than an 'artifact' induced by in vitro cultivation of tumor cells.
The M2A antigen, recognized by the D2-40 antibody, is an O-linked sialoglycoprotein exposed on the cell surface. 13 Although its function is yet unclear, it contains a simple mucin-type carbohydrate structure, common in mucin-type glycoproteins that are expressed widely on human normal cells and tumors. [20] [21] [22] Mucins are large, highly glycosylated proteins recognized by their tandem repeat domains, which are rich in serine and threonine sites for O-glycosylation. 23 In recent years, membrane-associated mucins have received increasing attention, first as components of carcinoma cell surfaces, 24, 25 and later for their roles in the protection of epithelia and other cells. 25, 26 In addition to their role in providing barriers that can limit direct access of other cells 26 or large molecules 27, 28 to the associated cell surface, recent studies have also implicated them in cellular signaling. By activating growth factor receptors, such as ErbB2, 29 or serving as docking sites for intracellular proteins, 30 they have been shown to alter cellular behavior, repress apoptosis, enhance proliferative signaling or lead to diminished cell-cell adhesion. 26, 29, [31] [32] [33] Given the significant correlation of low D2-40 immunoreactivity with lymphatic invasion, it is intriguing to hypothesize that the M2A antigen may also have functions affecting cellular behavior, such as cellcell adhesion or invasiveness. Further studies are necessary to address these possibilities.
The lymphatic system is the primary pathway of metastasis for most human cancers, and the extent of lymph node involvement is a key prognostic factor for the patient's outcome. While the importance of the lymphatic system as a pathway for metastasis has been well recognized, there is very little information available about the mechanisms by which tumor cells interact with the lymphatics. Our results suggest that the M2A antigen may play a role in the interaction of tumor cells with the lymphatics, and further study of its potential role may shed light on the mechanisms of the lymphatic spread of tumors.
The presence of lymphovascular invasion is a highly significant risk factor for tumor recurrence in cervical squamous cell carcinoma. [6] [7] [8] [9] While some patients with disease found to be limited to the cervix and upper vagina by physical examination are candidates for radical surgical resection of the main tumor mass, other patients undergoing biopsy for confirmation of diagnosis have clearly unresectable disease. These patients are treated primarily by radiation and chemotherapy, and do not undergo surgical removal of the main tumor. However, initial biopsy material may not provide reliable histopathologic features to predict the presence of lymphatic space involvement in the body of the tumor. We found that tumors showing low D2-40 immunoreactivity have 76 and 37% possibility of lymphatic space involvement and nodal metastasis, respectively. In contrast, the corresponding possibilities for tumors with high D2-40 immunoreactivity were 30 and 17%, respectively. Thus, our results suggest that D2-40 immunostaining may serve as a useful marker to predict the presence of lymphatic invasion and increased risk of recurrence based on initial cervical biopsy material alone. Further studies are needed to address this possibility.
In summary, we have characterized the immunoreactivity of cervical squamous cell carcinomas with the D2-40 antibody, which reacts specifically with the M2A antigen. We found a significant correlation between low D2-40 immunostaining in the tumor cells and the presence of lymphatic invasion and lymph node metastasis. Our studies suggest that the M2A antigen may play a role in the interaction of tumor cells with the lymphatics. Examination of D2-40 immunoreactivity in initial cervical biopsy material may be a useful marker to predict lymphovascular invasion and increased risk of recurrence.
